Compaction quality is directly related to the structure and seepage stability of a rockfill dam. To timely and accurately test the compaction quality of the rockfill material, four real-time test indexes were chosen to characterize the soil compaction degree based on the analysis of roller vibratory acceleration, including acceleration peak value (a p ), acceleration root mean square value (a rms ), crest factor value (CF), and compaction meter value (CMV). To determine which of these indexes is the most appropriate, a two-part field compaction experiment was conducted using a vibratory roller in different filling zones of the dam body. Data on rolling parameters, real-time test indexes, and compaction quality indexes were collected to perform statistical regression analyses. Combined with the spectrum analysis of the acceleration signal, it was found that the CF index best characterizes the compaction degree of the rockfill material among the four indexes. Furthermore, the quantitative relations between the real-time index and compaction quality index were established to determine the control criterion of CF, which can instruct the site work of compaction quality control in the rockfill rolling process.
Introduction
e layered filling compaction of dam materials is an important process in the construction of a rockfill dam. An effective compaction quality control is the key to ensure the safe and stable operation of the dam. Nowadays, the compaction quality control in rockfill dam projects mainly depends on the manual control of rolling parameters and random spot tests after construction, which is normally called the "dual control method" [1] . With the expansion of the filling scale, this traditional compaction quality control method has been unable to meet the requirements of modern mechanized construction.
erefore, it has been quite necessary to develop a fast, real-time, and accurate compaction quality test method with continuous, automatic, and high precision characteristics.
To provide a quality-inspection process that is more reliable and timely, previous studies in the field of transportation engineering focused on correlating compaction quality to soil properties and construction-operating parameters that can be obtained easily and quickly from the field. Geodynamik and Dynapac of Sweden characterized compaction quality by compaction meter value (CMV), which is the ratio between the amplitude of the first harmonic and that of the fundamental frequency [2, 3] . Previous studies verified that CMV is closely related to the fundamental reaction and physical properties of the compacted soil [4] [5] [6] [7] . According to Forssblad [8] [9] [10] [11] , CMV has been noted to range from 40 to 70 for gravel, from 25 to 40 for sand, and from 20 to 30 for silt.
e compaction control value (CCV) adopted by Sakai company is similar to CMV, which is also determined from the measured acceleration data but based on more harmonic frequency components, including 0.5, 1, 1.5, 2, 2.5, and 3 fundamental frequency and harmonic components [12, 13] .
modulus E vib of the material to describe the compacted condition of soil [20] . Mooney and Rinehart [21] and Rinehart and Mooney [22] proposed that the total harmonic distortion (THD) is a highly sensitivity index to evaluate the soil compaction state. e larger the THD, the sti er the soil will be. Ammann calculated the soil sti ness, K B , as a measure of compaction quality [23] and veri ed the strong correlation between K B and soil rigidity [24, 25] . China Southwest Jiaotong University used vibratory compaction value (VCV), a dynamic subgrade structural reaction index, to evaluate the soil compaction quality and achieved good results in a roadbed continuous compaction quality test [26] .
However, the abovementioned researches are mainly carried out on the subgrade lling material. In fact, there are great di erences between the rock ll in earth-rock dams and the subgrade ller in road engineering in terms of the soil particle size and shape. At present, the maximum particle size of the rock ll in hydropower projects has reached 1 m, and many particles are solid block stones with sharp and jagged edges. In contrast, the maximum particle size of the subgrade ller is generally less than often 150 mm, and the main contents are spherical particles with few edges [13] . is makes the compaction characteristics of the two materials quite di erent.
erefore, further study is needed to know whether the index that applied well on subgrade ller can also achieve excellent test results on the rock ll material of earth-rock dams.
e objective of this study is to obtain an index that can characterize the compaction degree of the rock ll material timely and accurately.
e rock ll material tested in the experiment belongs to cohesionless coarse-grained soil; therefore, the compaction degree in the study actually refers to the physical indicator of relative density. e following section rst analyzes the relationship between the roller vibratory acceleration and the soil compaction degree. en, combined with the abovementioned study, four real-time test indexes derived from acceleration signal were chosen to characterize the rock ll compaction degree. To analyze and judge the detection e ect of each index on the rock ll material, comparison experiments were conducted in different lling zones of the dam body with di erent rolling parameters. Statistical regression analysis of test data and spectrum analysis of acceleration signal were then performed to get the nal conclusions.
Methodology
is section rst introduces the terrain-vehicle dynamical model in the existing literature and analyzes the relationship between roller vibratory acceleration and the compacted condition of soil. Next, the four real-time test indexes utilized in the experimental test are introduced, with their calculating methods and physical signi cances elaborated. Finally, the testing method and equipment are presented.
Vibration Model.
According to the study of terrainvehicle systems [16] and the research on the vibratory roller from Yoo and Selig [27] [28] [29] , it can be known that the acceleration of the vibratory roller is closely related to the compaction condition of the pressed material.
e terrain-vehicle vibration model [29] can be described as in Figure 1 .
To facilitate the calculation and analysis, the model is simpli ed by not taking the horizontal displacement and jump vibration of the vibratory roller into account. In such case, m 2 and m 3 always remain in contact, that is, x 2 x 3 . e force equations between the layers are expressed as
e equations can be expressed into matrix form as
By analytic calculation, we can obtain
where
It can be seen from (3) that the vertical vibratory acceleration of the roller ( € x 2 ) is related only to the sti ness k 2 and damping c 2 of the pressed soil. With the sti ness and damping of the soil directly re ecting the compactness of the soil, the roller vibratory acceleration (hereinafter referred to as a) and the soil compaction degree are closely related. However, due to the complexity of (3), the relationship between k 2 , c 2 , and a cannot be expressed with a de nite function formula. e purpose of the experiment [32, 33] indicates that describing the soil compactness by directly using vibratory acceleration index a causes much uncertainty and volatility.
erefore, the following four derived indexes are selected by analyzing the roller acceleration signal.
Acceleration Peak Value (a p ).
is index describes the amplitude variation of roller acceleration signal and is calculated as
where a i is a random acceleration measurement and n is the number of collected samples within a certain period.
Acceleration Root Mean Square Value (a rms
. is index reflects the effective vibratory acceleration in the rolling process, which is calculated as
Crest Factor Value (CF)
. is index is a common evaluation index in alternating current, which is used to describe the ability of the AC power to output peak load current [34] . e CF value of a standard sinusoidal wave is 1.414. When the wave is distorted, the CF changes significantly. It is used by the authors to describe the waveform variation law of the roller vibratory acceleration signal and is defined as
e formula shows that CF is a dimensionless acceleration index that integrates the variation trend of a p and a rms .
e physical meaning of the index in this experiment is to describe the ability of the roller to output peak acceleration, namely, the ability of the soil to produce the greatest reaction force to the roller.
Compaction Meter Value (CMV).
e index shows the ratio between the amplitude of the first harmonic and that of the fundamental frequency, which is obtained by the tuning analysis of the acceleration signal. e definition of CMV is expressed as
where C is the amplification coefficient and usually sets as 300, A 1 refers to the amplitude of the first harmonic of vibratory acceleration, and A 0 refers to the amplitude of the fundamental frequency of vibratory acceleration.
Testing Method.
e experiment adopts the DHDAS dynamic signal acquisition system of Donghua (Figure 2 ), which mainly includes the acceleration sensor, the vibration data acquisition instrument, and the monitoring and analysis software for clients.
e main physical quantity tested in the experiment is the vertical vibratory acceleration of the roller and its main vibration frequency. e roller used is the 32 t single-drum vibratory roller of Jointark mechanical YZ series ( Figure 3 ). e sensors were installed vertically on the inner frame of the roller, and the data were collected simultaneously with the dual channel.
e a p index is directly read by DHDAS software, and a rms index is calculated by (5) with the tested acceleration data in a certain period. e CF is worked out by (6) with the measured a p and a rms . CMV is calculated by (7) with the amplitude of the first harmonic and that of the fundamental frequency in the spectrum of acceleration signal, which is obtained through fast Fourier transformation (FFT) analysis.
Experimental Testing

Testing Site and Materials.
e experiment was carried out at the construction site of Chang-he Dam hydropower station, which located in Dadu River, China. e Chang-he Dam is a 240-meter-high core rockfill dam, and the structural design of it is shown in Figure 4 . e experimental material includes the main rockfill, secondary rockfill, and filter material. Figure 5 shows the field experiment on the main rockfill, and the grain size distribution of the material is shown in Figure 6 (a). e main compaction parameters of the test material are shown in Table 1 .
In Table 1 , the parameter "rolling times" means the compaction pass of the vibratory roller on each strip. e index relative density is defined as
where e max is the maximum void ratio, e min is the minimum void ratio, e is the compacted void ratio, ρ d max refers to the maximum dry density, ρ d min refers to the minimum dry density, and ρ d refers to the compacted dry density. e index ρ d is calculated by measuring the volume and dry weight of the soil sample collected from the field. e index ρ d max and ρ d min need to be measured in the laboratory individually. As the maximum particle size that can be tested by the device in the lab is 60 mm, the maximum grain size of the rockfill in the project has reached 800 mm. e oversize particles were replaced by the soil whose particle size is smaller than 60 mm and larger than 5 mm with equal mass, and at the ratio calculated by (9) , which is called the equivalent weight replacement method [35] .
e grading curve of the main rockfill after replacement is shown in Figure 6 (b).
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where P i refers to the weight percentage of some particle size group in the soil after replacement, P oi refers to the weight percentage of some particle size group in the original soil, P 5 refers to the weight percentage of the soil whose particle size is larger than 5 mm, and P d max refers to the weight percentage of the oversize particles in the original soil.
After the replacement work to the soil sample, ρ d min and P d max can be calculated out with the volume and weight of the dried soil in the sample cylinder under the state of fluffy and the state after 8 min vibration on the platform vibrator respectively, which is called the loose filling test method and the platform vibrator experiment method [35] , respectively. e results of experimental testing will provide a dataset for the subsequent modeling analysis in Section 4.
Experiment Part 1.
Experiment part 1 was carried out with the rolling parameters of rolling times, running speed, and compaction thickness changed. Since the roller keeps in a vibration state of low frequency and high amplitude in the rolling process, the parameter of roller excitation force remains unchanged in the experiment.
For the cohesionless soil of the rock ll in the study, a high compacted dry density can be achieved under the condition of completely dry or fully saturated in the Proctor And it is easy to raise dust if the dam material is completely dry, which is adverse to the construction environmental protection. Based on the comprehensive consideration of eld compaction e ect and construction cost and conditions, the water content of the rock ll material was kept at 1%-2% (weight ratio) in the eld. e control method is to calculate and add water to the dam material automatically by using the intelligent water adding system developed by Sinohydro Bureau 5 Co., Ltd. before paving and supplement water to the paved soil with the sprinkling truck to maintain the water content before compaction.
Combined with the analysis above, the speci c test plan can be made as follows by not taking the parameters of excitation force and water content into account.
(1) Change in rolling times: one rolling strip was selected in the lling zone of each test material with a length of 60 m and width of 2.2 m (width of the roller), respectively. As the dam material in the rolling strip cannot be completely even in the paving process, the data measured in di erent regions of the same strip change greatly. erefore, the test strips are divided into small test areas with the grid of 5 m long and 2.2 m wide ( Figure 5(b) ), and the data on each small test area are analyzed separately. e standard vibratory rolling times of the test material is eight times (Table 1) . In order to increase the sample volume and observe the variation trend of acceleration signal when the compaction pass exceeds standard, the number of vibratory rolling times is set at ten times. (2) Change in running speed and compaction thickness:
three adjacent strips were selected in the main and secondary rock ll zones, respectively, to analyze the change of each index brought by di erent running speeds, where the vibratory roller proceeded with low speed (v 1.8 km/h), medium speed (v 2.2 km/h), and high speed (v 2.6 km/h). e same goes to the number of test strips in the experiment of change in compaction thickness. e thickness of the test strip on main rock ll was set to be 80 cm, 100 cm, and 120 cm, respectively, and that of the secondary rock ll to be 30 cm, 60 cm, and 90 cm, respectively.
Experiment Part 2.
To conduct the correlation test of real-time test index and compaction quality index, experiment part 2 selected four adjacent strips with a length of 50 m and width of 2.2 m in the main and secondary rock ll zones, respectively. Each test strip was divided into ten small test areas with the grid of 5 m long and 2.2 m wide and numbered ①-⑩, as shown in Figure 7 . e area with odd number is the bu er area in the rolling process, and we take the test data on the even-numbered area for analysis. When the required rolling process (Figure 7 ) for each strip is nished, the digging test method is used to obtain the conventional compaction quality indexes in the evennumbered areas.
Results and Discussion
is section focuses on analyzing the correlations among rolling parameters, real-time test indexes, and compaction quality indexes according to the dataset from the two-part experiment described above. In the analysis of data correlation, the linear model and hyperbolic model are compared in a bid to determine the correlation degree of the data and establish a more appropriate correlation formula. In addition, the spectrum analysis and discussion is conducted to make an in-depth analysis on the frequency distribution regularity of acceleration signal and compare the test e ects of the four indexes on di erent test materials. 
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Result Analysis of Experiment Part 1
Correlations between Rolling Times and the Four Indexes.
A total of 360 groups of valid data were obtained in the experiment of change in rolling times. e scatter diagram of the indexes measured on each small test area was plotted with the Origin software so as to analyze the correlation between the real-time test indexes and rolling times. e linear model is commonly used for the correlation analysis in the study eld [30] [31] [32] [33] , and the function expression of which is
where a and b are the regression coe cients. Firstly, the linear model was used in the regression analysis, and the result of a certain area on the main rock ll is shown in Figure 8 .
From the scatter diagram, the following two characteristics are identi ed:
(1) e variable y increases with the rise of x, but its growth rate gradually slows down. (2) When variable x increases further, y gradually comes to a constant, which indicates that the curve may have a horizontal asymptote.
us, it can be assumed that the trend line of the scatter plot is a hyperbolic curve and the function formula of which can be expressed as
where a and b are the regression coe cients. en, the hyperbolic model was used to analyze the scatter plot described above, and the result is shown in Figure 9 .
e determination coe cients (R 2 ) of the regression models on the small test areas of each strip are evaluated using the trimmed mean to reduce the e ect of an accidental error. e results are shown in Table 2 . From this table, it can be seen that there are some correlations between all the four test indexes and rolling times on each tested dam material. Speci cally, the linear correlation between CF and rolling times is the strongest, with all the determination coe cients (R 2 ) being over 0.7. When considering the practical application of a test index, both its correlation degree and stability of the data in di erent test areas need to be taken into account. erefore, the standard deviation coe cients (V σ ) of the 120 groups of data measured on each testing material were calculated to analyze the discrete degree of the dataset. It can be seen from the results ( Table 3 ) that with the increase of the particle size in the lter material, the secondary rock ll and main rock ll, the V σ of each test index also gradually increase, while the V σ of a p , a rms , and CF stay at a low level, indicating that the data stability of a p , a rms , and CF is better.
Correlations between Running Speed, Compaction
ickness, and the Four Indexes. In the experiment of change in running speed and compaction thickness, 24 sets of valid data were obtained on the main and secondary rock ll, respectively. e changes of real-time indexes brought by the two parameters on secondary rock ll are shown in Figures 10 and 11 , respectively.
It can be inferred from Figures 11 and 12 that the a p and CF show a signi cant downward trend with the increase of running speed and compaction thickness, respectively, and the two indexes increase regularly with the growth of rolling times. ough a rms and CMV rise along with the number of rolling times in Figure 11 (b), they do not show the tendency in Figure 12( Advances in Materials Science and Engineeringthose on the secondary rock ll, which will not be repeated hereby.
For energy-related analysis, when the roller running speed and soil compaction thickness increase, the energy absorbed by the soil in unit and volume will decrease, respectively. With the same rolling times, the soil compaction degree is reduced. e same goes to the reaction force of the soil to the vibratory roller, which results in a decrease of the roller vibratory acceleration. erefore, all the four derived indexes should show a declining trend, and only the tendency of a p and CF among them are consistent with the theoretical situation.
Result Analysis of Experiment Part 2.
Experiment part 2 obtained twenty groups of real-time test index and compaction quality index data on the main and secondary rock ll, respectively. For the main and secondary rock ll in the project, the main compaction quality control indexes are porosity (P) and relative density (D r ), respectively [36] .
e correlation analysis of real-time test indexes and the two compaction quality indexes is conducted in this section. e linear regression model and hyperbolic regression model were utilized to analyze the scatter diagram plotted by the Origin software. e results of linear regression analysis on the main rock ll are shown in Figure 12 , and the results on the secondary rock ll are shown in Figure 13 . e determination coe cients (R 2 ) of the regression models are shown in Table 4 .
As can be seen from Table 4 , in the correlation analysis of the four test indexes and porosity, the hyperbolic model of CF and the index shows the highest R 2 of 0.823. As for relative density, the linear model of CF and the index registers the highest R 2 of 0.820. is means that the correlation between CF and the compaction quality indexes is the strongest among the four test indexes, and the regression functions can be expressed as
CF 0.284D r + 1.725.
e compaction quality control criteria on the main and secondary rock ll are P ≤ 21% and D r ≥ 0.90, respectively. e criterion of CF ≥ 2.017 can be got by taking P ≤ 21% into (12), and CF ≥ 1. (13) . It is thus tentatively believed that the compacted soil achieves the required compaction quality when the CF values reach 2.017 and 1.981 on the main and secondary rock lls, respectively. e more precise control criteria of CF values need to be determined based on the quantitative relations among the soil compaction degree, the reaction force of the soil (characterized by the acceleration indexes discussed in the paper), and the strength and sti ness of the rock ll material, which will be studied in the future work.
Spectrum Analysis and Discussion.
In order to analyze the application scope of the four indexes, this section conducted a spectrum analysis of the acceleration signal and had a further discussion about the test e ects of the four indexes on di erent test materials. Figures 14-16 show the comparison of the acceleration signal and indexes in the eighth compaction pass of the main rock ll and lter material. e 3D spectra in Figure 15 Running speed (km/h) Advances in Materials Science and Engineeringacceleration signal. e CF value in Figure 16 is magni ed tenfold to display its tendency clearly.
As can be seen from Figure 14 , the acceleration waveform is regularly distorted when the lter material get compacted, while the acceleration wave changes chaotically on the main rock ll.
e spectra of Figure 15 show that the frequencies of the acceleration signal on the lter material are regularly distributed with stable fundamental frequency, rst and second harmonic components, and few higher frequency components in the rolling process. While the spectrum on the main rock ll shows that the frequency distribution of the acceleration signal is irregular and disorderly with unsystematic frequency components. Analysis of the reasons shows that since the main contents of the filter material are spherical particles with few edges, the contact between the soil particles and roller is relatively even, and there is not much difference among the reaction forces of the soil to the roller in unit areas. With the rolling moving on, the soil becomes more compacted and the reaction force to the roller increases, which causes a regular increase in the amplitude of the harmonic components and a regular wave distortion of the acceleration signal.
erefore, CMV and other acceleration indexes have a regular change in the rolling process, and all the four indexes can well reflect the compaction degree of the fine-grained soil.
However, in the case of the rockfill material which contains many sharp-edged stones, the contact between the is disadvantaged in characterizing the compaction degree of the rock ll.
Judging from the physical meaning, the a p and a rms can only re ect part of the characteristics of the acceleration signal, while the CF combines the variation trend of them and describes the ability of the soil to produce the greatest reaction force to the roller. erefore, the e ect of the unevenness of the dam material on CF is relatively small compared to a p and a rms , which is consistent with the test result that the V σ of CF is smaller than that of a p and a rms on all test materials (Table 3 ). e result can be proved by Figure 16 that the CF value changes stably while other indexes have greater volatility in the rolling process of the same dam material.
Combined with the analyses above, it can be known that the CF index best characterizes the compaction degree of the rock ll material among the four indexes. In the future, the authors will further establish a more detailed vibration model from the theoretical perspective, derive the formula, and clearly distinguish the applicability of CF index and other three acceleration indexes on the rock ll material.
Conclusions
In this study, the authors utilized four derived acceleration indexes to characterize the soil compaction degree, including a p , a rms , CF, and CMV. A two-part eld compaction test was performed to analyze and judge the test e ects of the four indexes on the rock ll and other dam materials. After the data correlation analysis and signal spectrum analysis, the following conclusions can be drawn:
(1) e data of a p , a rms , and CF are stable with low V σ of them, and only the tendencies of a p and CF with the change of roller running speed and compacted soil thickness are consistent with the theoretical situation. Besides, the linear correlation between CF and rolling times is the strongest, with the trimmed mean of R 2 being over 0.7 on all test materials. us, the correlation between CF and the rolling parameters is the strongest among the four indexes.
(2) e correlation between CF and the two compaction quality indexes is the strongest among the four indexes, with the highest R 2 of 0.823 and 0.820 in the regression analysis, respectively. e tentative control criteria of CF ≥ 2.017 on the main rock ll and CF ≥ 1.981 on the secondary rock ll are given by establishing the quantitative relations between CF and compaction quality indexes, which can instruct the eld compaction quality control in the rolling process. (3) e signal spectrum analysis shows that the frequencies of the acceleration signal on lter material are regularly distributed, and all the four indexes can well re ect the compaction degree of the ne-grained soil. e frequency distribution of the acceleration signal on main rock ll is irregular, and CMV is disadvantaged in characterizing the compaction degree of the rock ll. e e ect of the unevenness of the dam material on CF is relatively small compared to a p and a rms . Combined with the results of statistical regression analyses, it can be concluded that the CF index best characterizes the compaction degree of the rockfill material among the four indexes.
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